Abstract. We study modulation instability (MI) in an asymmetric two-core fiber coupler. The analysis is performed for the MI gain and MI bandwidth. Effects of the parameters, input power and nonlinear coefficients on the MI are investigated. The results show that input power and nonlinear coefficients of two cores influence the MI gain and MI bandwidth. When nonlinear coefficients of two cores are both negative, better modulation stability can be obtained than other situations. In particular, if the negative nonlinear coefficients are equal, the modulation instabilities will not appear.
Introduction
Many nonlinear systems exhibit modulation instability (MI), when weak perturbations imposed on the continuous waves (CWs) grow exponentially, as a result of the interplay between dispersive and nonlinear effects [1] [2] [3] . In the context of optical fibers, MI exists in the anomalous dispersion regime and manifests itself as the breakup of CWs into a train of short pluses [1] . With additional physics, MI also occurs in the normal dispersion regime, e.g. by the cross phase modulation effects [4] , in the presence of even higher-order dispersion [5] , and loss dispersion [3] . For temporal pulse propagation in a single-mode optical fiber, governed by the nonlinear Schrödinger equation, the relevant factors are cubic (Kerr) nonlinearity and group velocity dispersion (GVD). MI then occurs in the anomalous dispersion regime [1] . In a two-core fiber, optical power can be transferred between the two cores periodically [6] . This phenomenon plays an important role in many modern optical devices. Theoretically, the evolution of the electric-field envelopes along the fiber is governed by a system of linearly coupled nonlinear Schrödinger equations. The coefficient of the linear coupling, known as the coupling coefficient, dictates the strength of the power transfer, and its magnitude depends on the design and the operation condition of the fiber. Up to now, many symmetrical systems are studied and asymmetrical systems are little investigated. In this paper, we study MI in a two-core asymmetric nonlinear optical fiber and discuss some influence on the MI.
Coupled-Mode Equations
We consider a two-core fiber, where each core supports only a single mode. The evolution of the electric-field envelopes along the fiber is described by a pair of generalized, linearly coupled nonlinear Schrödinger equations [7] [8] 
Here regardless of phase matching, the group velocity dispersion of two fibers is the same. where u 1 and u 2 are the slowly varying electric-field envelopes in the two cores; z and t are the propagation distance and the retarded time coordinate respectively; β 2i (i=1, 2) measures the GVD at the carrier frequency (β 2i < 0 for anomalous dispersion and β 2i > 0 for normal dispersion); γ i (i=1, 2) is the self-phase modulation (SPM) parameter with γ i =2πn 2 /(λA eff ), where λ, n 2 , and A eff are the free-space optical wavelength, nonlinear refractive index of the fiber material, and the effective area of each core, respectively; C is the coupling coefficient, which is proportional to the spatial overlap between the mode fields in the two cores and is responsible for the periodic power exchange between the two cores.
Equations (1) and (2) 
P is related to the total power in the fiber coupler, and f is the ratio of the propagating wave's amplitude of core 1 and core 2. To study the stability of the solutions, we now introduce the perturbation q j (j=1,2) together with the steady-state solution. If the perturbed field grows exponentially, then the steady state becomes unstable. We obtain the linearized equation of the perturbed field as follows:
Here,
γ γ
Here, q * j is the complex conjugate of the perturbed field. Now we assume the following ansatz for the perturbed field:
Where U j and V j are real, and K and Ω are the wavenumber and the modulation frequency, respectively. Substituting Eqs. (7) and (8) into Eqs. (4) and (5), we obtain a set of four linear coupled equations for U j and V j : (1 )
This set has a nontrivial solution only when 4×4 determinant formed by the coefficients matrix vanishes. The 4×4 matrix is referred to as stability matrix, which is used to study the stability of the system that we are considered. MI occurs only when at least one of the eigenvalues of the matrix possesses a nonzero and imaginary part, which results in an exponential growth of the amplitude with perturbation. The determinant associated with this matrix can be written as: 4 2 0 AK BK D + + = (8) MI occurs when K is complex for real Ω, and the gain is defined:
Where Im(K max ) denotes the imaginary part of K max ; note that K max is the root with the largest value. In Fig.1 , as showed, we found that, the variation of MI with the frequency Ω and the MI band width (∆Ω) is formed. The MI band shows that as the frequency Ω increases, the MI gain increases. In addition, after the MI gain reaches the maximum gain (G max ), the MI gain gradually decreases with the increase of the frequency Ω. Fig.1 shows the variation of the gain G and MI band width ∆Ω with the power P and the nonlinear coefficient γ 1 and γ 2 respectively. These figures show the MI gain goes up with increase of total input power P and the MI bandwidths become much wider. At the same time, the maximum gain G max and MI band width ∆Ω are affected as nonlinear coefficient of two cores changes. In Fig.1(a) and (d) , when the nonlinear coefficients of two cores are both negative, the smaller G max and ∆Ω can be obtained than other things. Here, it is particularly important that when the nonlinear coefficient of two cores are both negative and equal, the maximum gain G max and MI band width ∆Ω both go to zero. So the modulation instability can be eliminated by adopting negative and equal nonlinear coefficients. Besides, we can see that when the nonlinear coefficients of two cores are both negative, the larger difference between absolute values of nonlinear coefficients of two cores, the bigger maximum gain G max and MI band width ∆Ω. In fig.1(b) , (e), (g) and (h), when the nonlinear coefficient of one core is negative and the other is positive, the larger positive nonlinear coefficient, the bigger maximum gain G max and MI band width ∆Ω, which shows there is little impact of negative nonlinear coefficient. In addition, when the nonlinear coefficients of one core is positive, if the other is negative, the maximum gain G max is almost a constant with changing negative nonlinear coefficient, and the maximum gain G max and MI band width ∆Ω increase as positive nonlinear coefficient increases. And that is, when the nonlinear coefficient of one core is positive and the other is negative, the maximum gain G max and MI band width ∆Ω are determined by the positive nonlinear coefficient. In particular, in Fig.1(c) , (d) and (f), when the nonlinear coefficients of two cores are both positive, the maximum gain G max and MI band width ∆Ω are determined by the bigger nonlinear coefficient. In other words, if the bigger one keeps constant, the maximum gain G max is constant with changing the smaller one. In this case, the MI is changed by changing the bigger nonlinear coefficient.
Modulational Instability Gain
The results show that nonlinear coefficient of two cores and input power P affect the modulation instability of coupler. The modulation instability intensifies as input power P increase. When the nonlinear coefficients of two cores are both negative, the better modulation stability can be obtained. It is more important that when nonlinear coefficients of two cores are both negative and equal, the best modulation stability can be obtained and the modulation instability almost cannot be found. If one or both of two nonlinear coefficients are positive, the modulation instability is mainly affected of bigger positive nonlinear coefficient and it has little to do with smaller positive nonlinear coefficient and negative coefficient. In order to improve stability, the input total power P must be reduced and two negative nonlinear coefficients must be adopted and the smaller absolute difference between them. It is of particular importance that when two nonlinear coefficients are negative and equal, the modulation stability is very good. Generally, negative nonlinear coefficient can be obtained by doping technology.
Conclusion
We present a detailed analysis of the MI characteristics of a two-core fiber based on solution to a pair of generalized, linearly coupled nonlinear Schrödinger equations. In particular, we calculate the gain and the MI bandwidth of MI gain spectrum in different situations. The maximum MI gain and the MI bandwidth increase with increasing of total input power. When nonlinear coefficient of two cores are both negative, the better modulation stability can be obtained than other situations. In particular, if the negative nonlinear coefficients are equal, the modulational instabilities will not appear. While at least one of them is positive, the modulational instabilities will intensify by increasing the bigger positive nonlinear coefficient and will not be affected of the negative nonlinear coefficient.
